Introduction
============

The process of sporulation is a survival strategy for species belonging to the phylum *Firmicutes.* Bacterial endospores from this phylum, and more specifically the *Bacillales* and *Clostridiales* orders, exhibit remarkable resistance to numerous environmental insults such as heat, dessication, radiation, extremes in pH and pressure, as well as chemical oxidants. Many of clostridial spore-forming species, such as *Clostridium difficile, C. perfringens, C. botulinum, C. tetani, C. acetobutylicum*, and *C. beijerinckii*, are medically and industrially important. This group of organisms primarily uses fermentation as a metabolic strategy, but is ubiquitous in the environment and thus can be found in a wide variety of habitats, including mammalian hosts. The mechanism of sporulation is largely conserved amongst these species ([@B9]). However, there are large variations in the initiation of sporulation as well as in the process of spore coat formation and germination, due to differences in the environmental niches in which these bacteria thrive ([@B9]; [@B35]).

The resistance of spores to environmental attacks is attributable to the unique morphology of the spore, which is formed by several layers: the core, the cortex, the coat, the crust, and in some cases, the exosporium. These structures protect sensitive macromolecules such as DNA and crucial proteins, included in the spore core. Dipicolinic acid (DPA), with its ability to bind and chelate Ca^2+^ ions, plays a key role in the dehydration, and mineralization of the spore core. Dehydration of the spore core is the main factor underlying the resistance of spores to wet heat ([@B33]).

The process of sporulation has been extensively studied for several decades for the model organism *Bacillus subtilis*. The basic morphological structure of spores is conserved in all the endospore-forming bacteria studied. This unique structure is the basis for the resistance of spores. While some of the resistance determinants of spores have been revealed and it is known that several factors contribute to the development of each type of resistance, the precise mechanism of their action remains to be uncovered ([@B31]). The best-studied mechanism of spore resistance is that to UV, achieved with small-acid soluble proteins (SASPs), which bind to the spore's DNA and promote its conformational change ([@B39]; [@B36]; [@B24]). Recently, it was determined that DNA was packed into crystalline nucleoids through binding by α/β type SASPs, hence protecting DNA from modification ([@B11]). Such protein-DNA structures allow spores to endure multiple types of environmental insults such as non-ionizing radiation, wet and dry heat, and desiccation, probably because the movement of internal molecules is restricted ([@B11]). In *B. subtilis*, superdormant spores were identified and were defined as spores able to withstand multiple rounds of germination conditions in the dormant state ([@B14]; [@B15]).

The second most studied type of spore resistance is that to wet heat. This particular form of resistance is of major concern in the food industry because of food spoilage post sterilization. The major factor contributing to spore resistance to wet heat is water content in the spore core. In the dehydrated core, aqueous chemical reactions are inhibited, minimizing damage to biomolecules in case of exposure to thermal extremes ([@B40]). It is well established that dehydration of the spore core directly correlates with its mineralization ([@B3]). Thus, water content in the spore core is inversely proportional to the amount of DPA and Ca^2+^ ([@B12]; [@B40]). DPA in the spore likely provides wet heat resistance through (a) lowering the core water content, (b) protecting proteins from denaturation from wet heat exposure, and (c) helping to stabilize DNA and to afford protection from damage ([@B36]; [@B40]).

In *B. subtilis*, DPA is synthetized in the mother cell during late sporulation stages and is then taken up together with Ca^2+^ by the engulfed forespore ([@B44]; [@B25]). The major component responsible for DPA synthesis is the SpoVF protein complex, which consists of two subunits, SpoVFA and SpoVFB ([@B10]). A *B. subtilis spoVF* mutant strain forms DPA-less spores that contain a high amount of water and are less heat resistant than *spoVF* spores formed in the presence of exogenous DPA ([@B33]). Exposure of such spores to wet heat results in damage to spore proteins, which is directly proportional to the time of exposure to this condition. After accumulation of defects in proteins, spores may still be able to germinate but growth into viable cells is compromised ([@B8]). Genome analysis has revealed that although some Clostridia possess a SpoVF homolog within their genome, it is not the case for species of *Clostridium sensu stricto* (cluster I) ([@B30]). In those species, DPA synthesis could be catalyzed by the EtfA protein (electron transfer flavoprotein A), as was shown for *Clostridium perfringens* ([@B32]).

There is strong evidence of heterogeneity in spore populations with respect to resistance of spores to thermal treatment. A single cell analysis approach, where physiology of individual spores was monitored during the incubation at 80--90°C, revealed a variable response of spores to wet heat. The release of DPA from spores itself only takes a few minutes. However, individual spores differ in the so-called lag phase, which is the period from exposure to germination conditions until the commitment of germination, the rapid release of DPA/Ca. The lag period ranges from minutes to hours for individual spores. It is presumed that the spores with the longest lag phase are the most resistant to wet heat. However, molecular, physiological, or environmental factors underpinning this variability in spore populations are poorly understood ([@B8]; [@B48], [@B49]).

Previous studies of resistance of spores have shown that there are large differences regarding the level of resistance to various environmental insults amongst various species ([@B6]; [@B27]; [@B34]; [@B46]; [@B41], [@B42]). In the present work, we focus on several *Clostridium* species belonging to Cluster I of genus *Clostridium* (*sensu stricto*). This cluster is morphologically and physiologically the best described group of the genus *Clostridium*, which contains over 160 species divided into multiple sub-groups according to results of 16S rRNA analysis ([@B16]). Here, we examine the group of industrially important species belonging to this cluster, specifically *C. acetobutylicum* DSM1731 and DSM792, *C. beijerinckii* strains DSM791 and NCIMB 8052 and *C. collagenovorans* 3089, for their level of resistance to wet heat as well as for their DPA/Ca content. The goal of the study is to evaluate the link between heat resistance and DPA/Ca content, as well as to compare DPA/Ca levels among *Clostridium* species.

Materials and Methods {#s1}
=====================

Bacterial Strains
-----------------

All the strains used in this study are listed in **Table [1](#T1){ref-type="table"}**. The *Clostridium* species are closely related phylogenetically (**Figure [1](#F1){ref-type="fig"}**).

###### 

Bacterial strains used in the study.

  Strain                          Source   Sporulation medium   Medium for vegetative growth
  ------------------------------- -------- -------------------- ------------------------------
  *B. subtilis* PY79              [@B47]   DSM                  LB
  *C. acetobutylicum* DSM 792     [@B4]    FLP, CBM             CRM, 2xYTG
  *C. acetobutylicum* DSM 1731    DSMZ     FLP, CBM             CRM, 2xYTG
  *C. collagenovorans* DSM 3089   DSMZ     PBB                  CRM, PBB
  *C. beijerinckii* DSM 791       DSMZ     TGY plates, P2       CRM, TGY
  *C. beijerinckii* NCIMB 8052    NCIMB    TGY plates, P2       CRM, TGY
  *D. reducens* MI-1              [@B4]    WLP                  WLP

Medium abbreviations are explained in the text.

DSMZ, German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany

NCIMB, National Collection of Industrial, Food and Marine Bacteria LTD, Aberdeen, UK.

![**16S rRNA-based neighbor-joining phylogenetic tree constructed using MEGA7 with the *p*-distance method and the Bootstrap method (1000 replications)**.](fmicb-07-01791-g001){#F1}

Bacterial Growth and Spore Preparation
--------------------------------------

*Clostridium acetobutylicum* DSM 792 and *C. acetobutylicum* DSM 1731 were grown in anoxic conditions in clostridial reinforced media (CRM, Difco) or 2xYTG (per 1 l: Bacto-tryptone, 16 g; yeast, 10 g; sodium chloride, 5 g; glucose, 5 g). For sporulation, bacterial cultures were incubated in Francis low phosphate (FLP) basal medium (per 1 liter: CaCl~2~, 0.5 g; K~2~HPO~4~, 0.03 g; NH~4~Cl, 0.5 g; MgSO~4~, 0.2 g; FeSO~4~, 2.8 mg; glucose, 5 g; glycerol, 0.25 mL; peptone, 0.1 g; yeast extract, 0.1 g. pH was set at a value of 6.8) and cultures were incubated at 30°C ([@B4]) or on clostridium basal medium (CBM) agar plates (per 1 liter: MgSO~4~ × 7H~2~O, 0.25 g; MnSO~4~ × H~2~O, 9.5 mg; FeSO × 7H~2~O, 12.5 mg; para-aminobenzoic acid, 1.25 mg; biotin, 0.0025 mg; thiamin hydrochloride, 1.25 mg; casein hydrolysate, 5 g; glucose, 50 g; K~2~HPO~4~, 0.63 g; KH~2~PO~4~, 0.63 g) ([@B29]) and incubated at 37°C. Several days of incubation on agar plates resulted in sporulation. In fact, samples on CBM agar plates contained more spores than liquid cultures. The presence of spores was confirmed by light microscopy.

*Clostridium beijerinckii* DSM 791 and *C. beijerinckii* NCIMB 8052 were grown in anoxic conditions in tryptone-glucose-yeast extract (TGY) medium (per 1 liter: Bacto-tryptone, 30 g; glucose, 20 g; yeast extract, 10 g; cysteine, 1 g) or CRM (Difco) at 37°C. For spore preparation, cells were grown in TGY medium overnight and the next day 1--5% of the inoculum was transferred into P2 sporulation medium (per liter: glucose, 60 g; yeast extract, 1 g; pH was set to 6.6, resazurin, 0.5 mg; thiamine, 1 mg; biotin, 0.01 mg; K~2~HPO~4~, 0.5 g; KH~2~PO~4~, 0.5 g; CH~3~COONH~4~, 2.2 g; MgSO~4~ × 7H~2~O, 0.2 g; FeSO~4~ × 7H~2~O, 0.01 g; MnSO~4~ × 7H~2~O, 0.01 g; para-aminobenzoic acid, 1 mg) ([@B45]). The presence of spores was verified by light microscopy after several days of growth. Alternatively, a culture growing in TGY medium was spread on TGY plates and grown at 37°C in an anoxic chamber for several days, which resulted in a higher spore yield than sporulation in P2 liquid medium.

*Clostridium collagenovorans* DSM 3089 was grown in slightly modified PBB medium (for 1 liter: K~2~HPO~4~, 2.9 g; KH~2~PO~4~, 1.5 g; MgCl~2~ × 6H~2~0, 0.1 g; CaCl~2~ × 2H~2~O, 0.1 g; NaCl, 0.9 g; NH~4~Cl, 1 g; trace mineral solution, 10 ml; vitamin solution, 10 ml; resazurin \[7-hydroxy-3H-phenoxazin-3-one 10-oxide\], 0.2%, pH = 7.8; gelatin, 0.5%, reduced by 0.025% of Na~2~S prior to inoculation) for several days at 37°C. This medium also served as a sporulation medium. After several days of growth, the culture contained more than 80% spores without requiring specific conditions for sporulation induction.

*Desulfotomaculum reducens* M1-1 was grown anaerobically in liquid basal Widdel low-phosphate medium (WLP) for several days at 37°C ([@B4]). No induction of sporulation condition was required. The presence of spores was verified by optical microscopy.

*Bacillus subtilis* PY79 and *B. subtilis ΔspoVFΔsleB* were grown in DSM sporulation medium (Difco) at 37°C. After 48 h of growth, the cultures consisted of 99% spores, as was verified by optical microscopy and sporulation efficiency in case of wild-type *B. subtilis*.

In all cases, spores were collected by centrifugation, washed in cold deionized water to remove the medium and stored at 4°C. The lysis of vegetative cells was carried out using osmotic stress, low temperatures, and in case of *Clostridium* and *Desulfotomaculum* species by long-term exposure to oxygen. We assumed that after several days of storage in aerobic conditions in distilled water at 4°C, all vegetative cells were dead and only spores remained. This spore preparation was used for all subsequent experiments.

*Clostridium* reinforcement media as a rich complex medium was used in case of all analyzed strains for enumeration of spores by MPN approach, since the quick outgrowth of spores is crucial for this method.

Scanning Transmission X-ray Microscopy (STXM) and Scanning Transmission Electron Microscopy (STEM) Analyses
-----------------------------------------------------------------------------------------------------------

Spectro-microscopic measurements and data analysis were performed as described elsewhere ([@B22]). Briefly, spore samples (2 μL) diluted to an appropriate number of spores were loaded on carbon grids (Lacey Carbon support grids, EMS) or on silicon nitride (SiNi) non-porous TEM window grids (TEM windows, West Henrietta, NY, USA) and were left to dry completely. Silicon nitride non-porous TEM window were mounted on STXM holders with conventional double-sided sticky tape. STXM analysis was conducted at the SM-beamline end station at the Canadian Light Source (Saskatoon, Canada). Carbon speciation stacks by STXM were collected through serial image collection along C K-edge energies (280--300 eV) extended to capture the calcium LII and LIII edge peaks; thus, the entire energy range considered was 280--355 eV.

Data processing was done using the axis2000 software package ([@B17]). Stacks were iteratively aligned to convergence by cross-correlation using the Jacobsen stack analyze algorithm ([@B19]) with the highest energy image as a reference. Spectra were initially evaluated and normalized to the same thickness using axis2000 before importing into Excel for direct data manipulation. Compared spectra were scaled linearly using 283 and 287 eV as endpoints for the DPA spectra and 346 and 356 eV for calcium spectra.

Scanning Transmission Electron Microscopy with energy dispersive spectroscopy (EDS) was used to obtain elemental composition maps and to perform comparative characterization of elemental content. In this study, an X-ray EDS system (Esprit/Quantax Bruker) in STEM mode in a FEI Tecnai Osiris microscope \[200 kV X-FEG field emission gun, X-ray detector (Super-X) with 4 mm × 30 mm windowless SDD diodes and 0.9 sr collection angle was applied\]. Quantitative EDS analysis was carried out using the Cliff--Lorimer standard-less method with thickness correction using K-series. The physical Bremsstrahlung background was calculated based on the sample composition. Some elements such as Cu contributing from the Cu grid were removed from quantification after the deconvolution procedure in the quantification process. Elemental concentrations in atomic % and net counts (signal above background) were derived from deconvoluted line intensities within a 95% confidence level. The process time and acquisition rates were adapted to get the most accurate data for specific element such as Ca, P, and Mn. The experimental spectra were collected with no pile-up artifacts. A correction for specimen drift was applied during acquisition to improve elemental mapping accuracy.

Spore Heat Resistance Determination
-----------------------------------

To obtain the total number of spores in each spore suspension, 0.5 ml of untreated spore suspension was resuspended in 4.5 ml of appropriate anoxic medium and number of spores was determined by MPN (most probable number) method as follows. For each spore suspension, several 10-fold serial dilutions were prepared. With each increasing dilution, the likelihood of the medium being inoculated by a spore decreases. The growth of bacteria in serial dilutions was evaluated after 2--4 days of incubation at 37°C. The number of tubes with visible turbid cultures was counted and number of spores was estimated using MPN statistic tables. The number of spores in untreated samples obtained for each spore suspension was taken as 100%. Equivalent amounts of spore suspensions (0.5 ml) were treated at 85°C for 10 and 60 min. Serial dilutions of each treated sample were performed and MPN method was used to estimate the number of surviving spores, which is expressed as a percentage of the surviving spores from the untreated sample. All experiments were done in triplicate for each sample ([@B43]).

Quantification of DPA in Spores
-------------------------------

Dipicolinic acid concentration was measured using a terbium complexation method ([@B38]; [@B1]). The calibration curve was prepared using three different concentrations of DPA (0.005, 0.05, and 0.5 μM) in sterile milli-Q water and TbCl~3~ at a final concentration of 30 μM. A sample containing 30 μM TbCl~3~ was used as a blank. Samples containing various concentrations of DPA without TbCl~3~ were also probed for their background photoluminescence, which was subtracted from the measurements. The photoluminescence at defined DPA concentrations was measured at least three times at an excitation/emission wavelength of 276/546 nm on a plate reader (SYNERGYMx, BioTek) and was used for calculation of the calibration curve.

A spore suspension with a known number of spores was autoclaved at 120°C for 30 min to induce the quantitative release of DPA. After autoclaving, the spore suspension was centrifuged and the supernatant was diluted several times by serial dilutions in sterile milli-Q water. TbCl~3~ was added to each dilution to a final concentration of 30 μM and the photoluminescence of terbium-DPA complexes was detected. Every sample was measured in triplicates. The concentration of DPA per spore was calculated through normalization with the number of spores obtained by the MPN method.

Results
=======

Heat Resistance of Spores Belonging to Clostridial Species
----------------------------------------------------------

Heat resistance testing of spores of *C. acetobutylicum* DSM 792 and *C. beijerinckii* DSM 791 revealed that they are rather sensitive to wet heat, with 4.6 and 3.9% survival, respectively, after the short wet heat treatment, and only 0.46 and 0.07% survival, respectively, after the prolonged wet heat treatment (**Table [2](#T2){ref-type="table"}**).

###### 

Table of spore survival after 10 and 60 min of wet heat treatment (80°C) expressed as the percentage of spore survival (determined by the MPN method) as compared to an untreated sample.

  Strain                             Percent survival after heat treatment   DPA (pg) per spore   Qualitative amount of Ca by STEM-EDS and number of spores in that category and Ca atomic % ±SD   Ca in vegetative cells atomic %   Calc. spore DPA conc. (pg/μm^3^)          
  ---------------------------------- --------------------------------------- -------------------- ------------------------------------------------------------------------------------------------ --------------------------------- ---------------------------------- ------ ------
  ***C. acetobutylicum***            4.6                                     0.46                 1.98 ± 0.148                                                                                     High                              12 spores at 5.7% ±1.16            0.13   2.1
  **DSM 792**                                                                                                                                                                                      Mid                               3 spores at 2.94% ±0.50                   
                                                                                                                                                                                                   Low                               6 spores at 0.44% ±0.14                   
  ***C. acetobutylicum* DSM 1731**   37                                      37                   2.6 ± 0.299                                                                                      High                              10 spores at 8.02% ±0.75           0.46   8.8
  *C. collagenovorans* DSM 3089      100                                     2.5                  9.25 ± 0.910                                                                                     High                              10 spores at 8.58% ±2.45           0.39   18.4
  ***C. beijerinckii* DSM 791**      3.9                                     0.07                 0.088 ± 0.0033                                                                                   Low                               4 spores at 1.29% ±0.26            0.05   0.3
  ***C. beijerinckii* NCIMB 8052**   81.5                                    0.36                 4.99 ± 0.377                                                                                     High                              10 spores at 9.04% ±0.83           0.28   4.2
                                                                                                                                                                                                   Low                               2 spores at 1.14% ±0.04                   
  *D. reducens* MI-1                 100                                     20                   2.8 ± 0.338                                                                                      High                              10 spores at 7.96% ±1.47           0.20   4.2
  *B. subtilis* PY79                 100                                     100                  1.35 ± 0.35                                                                                      High                              10 spores at 7.29% ±1.23           1.66   4.6

Dipicolinic acid (DPA) per spore was measured by bulk terbium chloride measurement. Calcium per spore was measured by Scanning Transmission Electron Microscopy to energy dispersive spectroscopy (STEM-EDS). Solventogenic strains are indicated in bold.

*Clostridium acetobutylicum* DSM 1731 spores showed intermediate heat resistance (37% after 10 min) and it is interesting to note that the survival is identical at 60 min of wet heat exposure. This is the only *Clostridium* species probed that exhibits this type of tailing in the survival after extended periods of exposure to wet heat. To a much lesser extent, a similar tailing was observed for *C. collagenovorans* DSM 3089. This strain is the most resistant of all the *Clostridium* strains analyzed, with 100 and 2.5% survival after the short and long wet heat treatment, respectively.

A second strain of *C. beijerinckii*, NCIMB 8052, is not defined as a type strain but has been studied extensively due to its massive solvent production. Wet heat resistance properties of this strain were shown to be distinct from those of *C. beijerinckii* DSM 791 strain, since after the short heat treatment, more than 80% of the NCIMB 8052 spores recovered. However, longer wet heat treatment resulted in significantly diminished survival, only 0.36% (**Table [2](#T2){ref-type="table"}**).

The two control strains, *D. reducens* and *B. subtilis*, both show complete wet heat resistance at 10 min and either complete (100%) or significant (20%) resistance after 60 min of exposure to wet heat (**Table [2](#T2){ref-type="table"}**).

Overall DPA Levels in Spore Populations of Clostridia Cluster I
---------------------------------------------------------------

The content of DPA in *C. beijerinckii* DSM 791 was the lowest measured within the strains considered here. The average DPA content in spores of this strain was only 0.088 pg of DPA per spore (**Table [2](#T2){ref-type="table"}**). In contrast, the spore population of the other *C. beijerinckii* strain (NCIMB 8052) was shown to contain a much higher amount of DPA than DSM 791 (4.4 pg of DPA per spore; **Table [2](#T2){ref-type="table"}**). The two *C. acetobutylicum* strains exhibited DPA content ranging from 1.98 pg/spore (strain DSM 792) to 2.6 pg/spore (DSM 1731).

The biochemical analysis of DPA levels in spore population of *C. collagenovorans* shows very high levels of DPA per spore (9.25 pg of DPA/spore), which makes it the highest of all analyzed strains, including the control strains. Because the DPA measurement is carried out for the entire population rather than individual spores, the DPA content per spore does not represent a concentration but rather a total amount. As a result, the size of the spore is an important determinant of the concentration of DPA, which in turn, is a determinant of heat resistance. Assuming that spores on **Figure [2](#F2){ref-type="fig"}** represent a typical size for each strain and a cylindrical shape, we computed the volume of spores and the corresponding DPA concentration for each strain (**Table [2](#T2){ref-type="table"}**).

![**Scanning Transmission Electron Microscopy coupled to energy dispersive spectroscopy (STEM-EDS) and bright field images of clostridial spores.(A)** *C. acetobutylicum* DSM 792 (spore width 0.9 mm), **(B)** *C. acetobutylicum* DSM 1731 (spore width 0.5 mm), **(C)** *C. collagenovorans* DSM 3089 (spore width 0.8 mm), **(D)** *C. beijerinckii* DSM 791 (spore width 0.5 mm), **(E)** *C. beijerinckii* NCIMB 8052 (spore width 1 mm), **(F)** *D. reducens* MI-I (spore width 0.75 mm), **(G)** *B. subtilis* PY79 (spore width 0.5 mm). Calcium is false colored in blue and chlorine in yellow in EDS images. Number in EDS images represents atomic percentage of calcium.](fmicb-07-01791-g002){#F2}

Spectromicroscopy Analysis of Individual Clostridial Spores
-----------------------------------------------------------

Raman spectroscopy has been previously used to measure Ca/DPA in single spores ([@B18]). Here, instead, we employed another single cell analysis approach, using a combination of two advanced spectro-microscopy techniques, STEM-EDS and STXM, which were recently optimized for bacterial spore research ([@B22]). Using these methods, we detected DPA and calcium absorption spectra directly in individual spores of each analyzed species. In STXM, the presence of DPA in the spore core appears as a characteristic double peak at 284.7 and 285.3 eV ([@B22]), while calcium levels in the spore core are characterized by the presence of a double peak at 349 and 352 eV according to the L~II~ and L~III~ edges of calcium ([@B22]).

Scanning Transmission Electron Microscopy-Energy Dispersive Spectroscopystem EDS analysis of the spores of *C. acetobutylicum* DSM 1731 and *C. collagenovorans* DSM 3089 revealed uniformly high levels of calcium in the spore core (8.02 and 8.58%, respectively; **Figure [2](#F2){ref-type="fig"}**). In contrast, *C. beijerinckii* DSM 791 was found to have very low calcium content both by STXM (**Figure [3](#F3){ref-type="fig"}**) and STEM-EDS (**Table [2](#T2){ref-type="table"}**; **Figure [2](#F2){ref-type="fig"}**). Average values collected by STXM for all individual spores analyzed indicate relatively low level of DPA in spores (**Figure [3](#F3){ref-type="fig"}**).

![**Average values of dipicolinic acid (DPA) and calcium ions in scanning transmission x-ray microscopy (STXM) analyzed spores of several Clostridial species.** All STXM data are normalized to the same thickness of the sample. The level of DPA is expressed as a ratio of the peak at 285.35 eV to the peak at 285.05 eV (black). Calcium is expressed as an absolute value of the peak at 352 eV (gray). Primary vertical axis correspond to DPA presence, secondary vertical axis correspond to calcium level (arbitrary units).](fmicb-07-01791-g003){#F3}

Scanning Transmission X-ray Microscopy analysis of 13 *C. beijerinckii* NCIMB 8052 individual spores revealed a massive DPA peak at 285.3 eV comparable to the DPA peak from *B. subtilis* and *D. reducens* spores, and significantly higher than the DPA-specific peak of *C. beijerinckii* DSM 791 (**Figure [3](#F3){ref-type="fig"}**). The STXM signal for calcium was also substantially higher when compared to the calcium signal of *C. beijerinckii* DSM 791 (**Figure [3](#F3){ref-type="fig"}**).

During analysis of *C. beijerinckii* DSM 791 by STXM, we noticed significant heterogeneity in DPA and calcium content between individual spores in the spore population of this strain (**Figure [4](#F4){ref-type="fig"}**). The example of this heterogeneity is highlighted in comparison of absorption spectra for DPA and calcium in three individual spores of this strain (**Figure [4](#F4){ref-type="fig"}**) and the STEM-EDS for the same individual spores. In one of analyzed spores (spore 3), the second peak at 285.3 eV characteristic for DPA is missing and thus this spore resembles spores which lack DPA, like *B. subtilis* mutant strain *spoFV sleB* ([@B22]). On the other hand, spores 1 and 2 show higher peaks at 284.7 and at 285.3 eV, suggesting the presence of higher amounts of DPA. The signal for calcium (double peak at 249 and 352 eV) mimics that of DPA in all three spores. The same spores were also examined by STEM/EDS microscopy after STXM analysis (**Figure [4B](#F4){ref-type="fig"}**). High Angle Angular Dark Field STEM microscopy (HAADF-STEM) images show the morphology of these three representative spores. The spore core, which is denser, and the cortex are clearly distinguishable in all three spores. The atomic percentage of calcium in these three spores, where spore 1 was shown to contain 2.69% Ca, spore 2 contains 1.01%, and spore 3 contains 0.31% of calcium, indicates a correlation between the level of DPA and calcium in the core and thus confirms the STXM data (**Figure [4A](#F4){ref-type="fig"}**).

![**Energy spectra for DPA and calcium regions in three different spores of *C. beijerinckii* DSM 791 obtained by STXM. (A)** Spores were chosen based on differences in calcium and DPA content, spore with low DPA and low calcium (dotted line), spore with higher DPA and higher calcium (dashed line) and spore with high DPA and high calcium levels (black line). **(B)** STEM and EDS maps of the same three spores of *C. beijerinckii* DSM 791 obtained after STXM measurement. Atomic percentage of calcium is shown for each spore. Scale bar represents 1 μm.](fmicb-07-01791-g004){#F4}

We also examined spores of two other Firmicutes, *B. subtilis* and *D. reducens* MI-1, to ascertain whether the variability in levels of DPA and calcium in the spore population is a common feature among other endospore formers. The two species examined formed phase-bright, slightly elliptical spores (**Figure [2](#F2){ref-type="fig"}**) and STXM and STEM-EDS data showed the presence of high levels of Ca. STXM also indicated high levels of DPA, in contrast to bulk DPA measurements that resulted in significant but not very high values (2.8 and 1.35 μg per spore) relative to the *Clostridium* species considered (**Table [2](#T2){ref-type="table"}**). This discrepancy can be attributed to the difference in spore size between the genera considered. In fact, when DPA content is normalized to volume, the content in *B. subtilis* and *D. reducens* is comparable to *C. beijerinckii* NCIMB 8052, which also forms highly wet heat resistant spores.

A major result from the STEM-EDS analysis of spores from the seven strains considered is that some strains (*C. acetobutylicum* DSM 792 and *C. beijerinckii* NCIMB 8052) exhibit great variability in calcium content while other strains (*C. acetobutylicum* DSM 1731, *C. collagenovorans, C. beijerinckii* DSM 791, *D. reducens, and B. subtilis*) show a uniform distribution of calcium amongst the spore population (**Table [2](#T2){ref-type="table"}**).

As noted above, it is exceedingly difficult to obtain a clean spore-only preparation for some *Clostridium* species. However, we measured calcium content in vegetative cells of the *Clostridium* species and found it to be below that in the spores (**Table [2](#T2){ref-type="table"}**). Hence, calcium content values greater than the vegetative cell values along with clear spore morphology are pre-requisites for identification of spores in STEM-EDS images.

Discussion
==========

Most of the studies of spore resistance strategies have been performed on *B. subtilis* spores due to the easy acquisition and large availability of existing mutants. Here, we focused on the heat resistance properties of spores of species belonging to the genus *Clostridium sensu stricto* (Cluster I).

Species analyzed in this study are very closely related phylogenetically (**Figure [1](#F1){ref-type="fig"}**), but they also share the same ecological niches as they are ubiquitous in soil, water, and feces; maybe with the exception of *C. collagenovorans* which was isolated from sewage sludge ([@B21]). In fact, many *C. beijerinckii* strains were considered to be *C. acetobutylicum*, until DNA fingerprint analyses and sequencing of 16S rRNA proved otherwise ([@B23]). All of these strains are anaerobic and use a fermentative type of metabolism. *C. acetobutylicum* and *C. beijerinckii* strains also share the same physiology and are able to produce solvents in the process of solventogenesis. Solventogenesis together with sporulation belong to strategies to survive extreme acidic environment, which is induced by acid-generating metabolism of *Clostridia* ([@B13]). During solventogenesis, cells utilize some of the by-product acids to produce neutral solvents, and thus the pH of the environment is restored to favorable levels. In solventogenic *Clostridia*, solventogenesis and sporulation are coincident, and are both regulated by the stationary phase regulator, Spo0A ([@B37]).

*C. collagenovorans* DSM 3089 is also closely related to *C. acetobutylicum* ([@B26]) (**Figure [1](#F1){ref-type="fig"}**). In addition to being acetogenic, it is also able to produce an active collagenase that can hydrolyze collagen and release peptides from animal proteins ([@B21]). In contrast to all other *Clostridium* strains considered, it is not solventogenic ([@B20]).

Our results show that despite the close relatedness of analyzed species, they exhibit large variability in calcium and DPA content as well as heat resistance, regardless of phylogeny. The *Clostridium* species considered here can be divided into several groups.

First, *C. collagenovorans* DSM 3089 behaves similarly to spore-forming organisms outside of the Clostridia. It exhibits high heat resistance, and uniformally high calcium and DPA concentrations in the core. Thus, this organism represents one end of the spectrum of spore-forming organisms. The *Clostridium* species with the next lowest wet heat resistance is *C. beijerinckii* NCIMB 8052 that shows an 81.5% resistance at 10 min of exposure and 0.36% at 60 min. The DPA concentration is comparable to that of *D. reducens* and *B. subtilis* and a large percentage of the spores characterized display a high calcium concentration (**Table [2](#T2){ref-type="table"}**). However, in contrast to *C. collagenovorans*, a few spores contain low calcium concentrations (∼1 atomic %). Thus, there is sufficient intra-population variability to be identified from a relatively small sample size (12 spores).

There is a large decrease in heat resistance between the two aforementioned strains and *C. acetobutylicum* DSM 1731. Only 37% of the spores survive 10 min of heat treatment and interestingly, the same fraction survives 60 min of the same treatment. Surprisingly, the calcium and DPA concentrations are high (greater than those in *B. subtilis* and *D. reducens*). It is unclear why the wet heat resistance is much lower in the case of strain DSM 1731 than the control strains. A possible explanation for this discrepancy is that the DPA synthesis pathway is distinct for Cluster I of the *Clostridium* genus as compared to organisms outside that cluster. More specifically, the EtfA flavoprotein encoded by *etf*A, was identified as the DPA synthase in *C. perfringens*, a *Clostridium* that doesn't possess the homolog of SpoVF DPA-synthase from *B. subtilis* ([@B32]). In fact, homologs of SpoVF are missing throughout the whole Cluster I of the *Clostridium* genus and it is very likely that in these species EtfA functions as the only DPA synthase. It is unclear whether this difference in pathway may also impact the timing of the production of the DPA and how it is distributed within the spore.

Finally, *C. beijerinckii* DSM 791 and *C. acetobutylicum* DSM 792 have very low wet heat resistance (3.9 and 4.6% survival after 10 min, respectively). For *C. beijerinckii* DSM 791, the low wet heat resistance is combined with low DPA and calcium concentrations (**Table [2](#T2){ref-type="table"}**). Additionally, in the same strain, there is negligible heat resistance at 60 min of heat exposure, confirming the findings at 10 min. Thus, in this case, low calcium and DPA appear to correspond to low wet heat resistance. While the STEM-EDS results indicated relatively uniform Ca concentrations within the spore population, the STXM data (accompanied by the STEM-EDS data for the same spores) evidenced individual variability with a range of DPA concentrations and Ca concentrations ranging from 0.31 to 2.69 atomic %. Thus, the DPA and Ca are low but display some variability.

For *C. acetobutylicum* DSM 792, we found a wide distribution of calcium concentrations in spores (**Table [2](#T2){ref-type="table"}**). A large fraction (57%) of the spores characterized exhibited an average calcium content of 5.7 atomic % while the rest contained an average of 2.94 atomic % for three spores and 0.4 atomic % for six spores. The average spore DPA concentration was 2.1 pg/μm^3^, approximately half that of the control strains *D. reducens* and *B. subtilis*.

Thus, results obtained from wet heat testing of spores of various clostridial species suggest that DPA/Ca content in spores is correlated to their wet heat resistance level, particularly with respect to short exposure to the treatment. After longer exposure to wet heat (∼ 60 min), spores survival decrease dramatically in all strains, with the exception of *C. acetobutylicum* DSM 1731. In this strain, the survival of spores is identical after short wet heat treatment, thus, the survivors retain a relatively high ability to germinate and recover even after prolonged exposure to wet heat.

The relatively low DPA/Ca concentrations in *C. acetobutylicum* DSM 792 and *C. beijerinckii* DSM 791 spores could potentially be a consequence of environmental adaptation. However, the four strains *C. acetobutylicum* and *C. beijerinckii* strains considered in this study have essentially the same type of metabolism (fermentative and solventogenic), and all live in similar environments. Thus, there is little evidence that environmental conditions may lead to this difference.

Another hypothesis was that the strains that produce butanol rather than ethanol may produce more resistant spores. Indeed, *C. acetobutylicum* DSM 1731 and *C. beijerinckii* NCIMB 8052 are known to be some of the most efficient at producing butanol amongst the solventogenic Clostridia ([@B7]). Thus, we propose that difference in solvent yields amongst the strains considered may explain the heat resistance and Ca/DPA content discrepancies.

As discussed above, in all Clostridia belonging to Cluster I, EtfA, an electron transfer flavoprotein, is likely the physiological DPA synthase. Some species of this cluster actually contain more homologs of *etfA* in the genome, roles of which are not assigned up to date ([@B32]). The function of EtfA may also include the production of butanol ([@B5]). Thus, solventogenic strains that produce abundant butanol (DSM 1731 and NCIMB 8052) may also produce abundant DPA through the activity of EtfA. This link between metabolism and sporulation could also explain the heterogeneity in average DPA content of spores amongst strains, which are otherwise closely related phylogenetically. We can speculate that the heterogeneity in DPA/Ca content of spores within a given spore population may be attributable to differences in expression level of *etf*A prior to sporulation.

*Bacillus subtilis*, the model organism for the study of physiological and morphological processes in spore formers, also possesses the *etf* locus (*etfA* and *etfB*) in the genome. The function of EtfA flavoprotein in *B. subtilis* resembles the one in solventogenic Clostridia in several aspects. Not only is this protein in *B. subtilis* also involved in fatty acid synthesis, but it also plays a role in de-acidification or the internal environment of the cell by oxidizing NADH and consuming excess protons, thus maintaining the proton motive force of cellular respiration and membrane potential of the cell ([@B2]; [@B28]). While in solventogenic Clostridia the *etf* locus is located in the same operon as solventogenic genes, in *B. subtilis* the *etf* locus is part of *lcfA* operon, which is involved in process of calcite formation during biofilm development ([@B2]). Although it may seem that the function of *etfA* differs greatly in the two systems, a connection can be found: the transfer of electrons between NADH/NAD+ and consequent regulation of complicated redox reactions. Products of the *etf* operon are thus involved in processes associated with pH homeostasis in the cell, such as solventogenesis in Clostridia, where repeated oxidizing of NADH to NAD+ favors formation of reaction intermediates which lead to the production of neutral solvents rather than volatile acids. Because of the buffering properties of calcium carbonate, the precipitation of calcite as a result of *B. subtilis* metabolism is also a way to maintain the intracellular and extracellular pH within the boundaries suitable for neutrophiles.

It is interesting to note that the only non-solventogenic *Clostridium* strain considered here, *C. collagenovorans*, exhibits the highest Ca and DPA concentrations and the highest spore survival rate to heat treatment among Clostridia.

Overall, this study shows that there is great variability in the calcium, DPA concentrations in *Clostridium* Cluster I spores and that those concentrations correlate well with spore heat resistance. In addition, heat resistance also appears to correlate with the type of metabolism supported by specific organisms. Solventogenic strains generally harbor less DPA/Ca than non-solventogenic strains and within solventogenic strains, the ones producing more butanol appear to harbor more Ca/DPA and hence present greater heat resistance. We propose that the link between DPA synthesis and butanol production is through the *etf*A gene that serves in both pathways. Additional works is required to pinpoint the mechanistic underpinnings of this finding.
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